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(57) ABSTRACT

The present embodiments include an antenna circuit that 1s
adapted to supply and/or read out a plurality of antenna ele-
ments of an antenna assembly of a magnetic resonance 1mag-
ing system. The antenna elements are decoupled by phase
shifter elements and supplied with signals by the phase shifter
clements. The antenna circuit may also be used to detect
signals that are received by the antenna elements.
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1
ANTENNA CIRCUIT FOR AN MRI SYSTEM

This application claims the benefit of DE 10 2010 042
633.4.filed on Oct. 19, 2010.

BACKGROUND

The present embodiments relate to an improved antenna
circuit for a magnetic resonance 1maging (MRI) system that
controls an antenna assembly or reads-in signals of the
antenna assembly.

MRI systems from the prior art include a single transmitter
that1s provided to generate a substantially homogeneous high
frequency field for applying magnetic resonance. The asso-
ciated transmitting antenna (e.g., a Body Coil (BC)) 1s per-
manently installed 1n a magnet and 1n gradient coils. To
receive magnetic resonance signals, a multichannel assembly
of recerving antenna (e.g., local coils) closely applied to the
patient 1s used by contrast. The antennae that are not used in
cach case may be switched off or de-tuned by a PIN diode
switch.

Applying the local coils to the object to be examined (e.g.,
to the patient) and forwarding the receiving signals to the
patient couch 1s undesirable due to the complicated cable
routing. A permanently mstalled receiving antenna assembly
including very low-noise antenna elements using a “Remote
Body Array” has, therefore, been proposed. A remote body
array 1s described by way of example 1n US 2010/0213939
Al. A radial installation space for a cylindrical “Remote
Body Array” (RBA) 1s radially mnwardly limited because an
optimally large patient opening 1s desirable. Larger diameters
of the magnet or gradient systems lead to greatly increasing
costs. The receiving elements of the RBA are therefore to be
placed close to the transmitting antenna (BC). This results in
a strong magnetic coupling between the transmitting coil
(BC) and the RBA, whereby the requirements made on the
de-tuning switch in the transmitting antenna (BC) (e.g., on the
reduction oflosses) are increased. Eddy currents may form on
conductor structures of the transmitting antenna (BC). The
eddy currents generate loss resistances even without partici-
pation of the switch and thereby couple noise into the receiv-
ers of the RBA. These losses are a problem because the
requirements on the quality of all RBA elements are signifi-
cantly higher, owing to the large spacing from the patient,
than with local coils applied to the patient.

It has been proposed that the transmaitting antenna be dis-
pensed with, and the recerving elements of the RBA also be
used for transmission. This solution has the advantage that the
RBA may be made thicker and therefore more efficient since
the additional space for the transmitting antenna (BC) may be
omitted. Each antenna element receives a transceiver switch.
Since this changeover switch does not have to be located 1n a
high-quality resonance current circuit, but may be arranged
after the transformation (e.g., at an impedance of 50 Ohm), a
loss contribution of the changeover switch 1s no higher than 1s
the case with conventional antenna designs. Receiving

branches of the switches are forwarded to one recerver per
clement.

FIG. 11 shows an assembly from the prior art. An antenna
clement 102 1s connected to a transcerver switch 104. An
output of the transceiver switch 104 1s connected to an mput
of an amplifier 110. The input of the transceiver switch 104 1s
connected to a distribution network, to which a plurality of
antennae 102 are connected by corresponding transcerver
switches 104. An output of a transmitting amplifier 108 1s
connected to an 1nput of the distribution network 106.
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2

Known solutions to this distribution are cascades including,
power splitters and phase shifters (e.g., Wilkinson splitters
and Butler matrix) that may be inserted 1in lines with an
impedance of 50 Ohm.

Such supply networks have a well-defined output 1mped-
ance (e.g., 50 Ohm), with which each of the antennae is
supplied. Each antenna may be optimally adapted to this
resistance with respect to power. Diflerent load resistances
may occur at the imdividual antennae 102, however, due to
different patient sizes and patient positions. A significant
mutual coupling of the antennae 102 1s to be anticipated. Even
with a distribution of the waves converging on the antennae
that 1s homogenous per se, very uneven current distributions
may form. The uneven current distributions may lead to an
inhomogeneous distribution of a spin-excitation and a patient
power loss (SAR). This problem does not occur with the
conventional high-pass or low-pass birdcage antenna assem-
blies used for transmission, since the resonance frequencies
of the higher spatial frequency modes are very distant. The
clements of a transceiver assembly are to be decoupled from
cach other to achieve the functionality of the assembly, so
different current distributions may form.

There 1s therefore a requirement for a distribution network
that, when transmitting signals using an antenna assembly,
enforces a fixed and load-independent relationship of the
currents in the antenna elements with respect to each other.

An equal current may be attained 1n a plurality of coils, for
example, by a series connection. Even 1f each coil 1s to be
supplemented by a capacitor to form a series resonance cir-
cuit, the resonance circuits may be connected in series. How-
ever, with high frequencies, a series connection may not be
practicable owing to the distributed capacitors 1n the connect-
ing lines.

SUMMARY AND DESCRIPTION

The present embodiments may obviate one or more of the
drawbacks or limitations in the related art. For example, an
optimally fixed and load-independent relationship of currents
in antenna eclements when transmitting signals using an
antenna assembly 1s provided.

In one embodiment, an antenna circuit that 1s adapted to
supply and read out a plurality of antenna elements of an
antenna assembly of a magnetic resonance imaging system 1s
provided. The antenna circuit includes a first circuit connec-
tor that 1s adapted to be connected to a first recerving and/or
transmitting circuit. The antenna circuit includes a first
antenna-side connector that 1s adapted to be connected to a
first antenna element of the antenna assembly, and a second
antenna-side connector that 1s adapted to be connected to a
second antenna element of the antenna assembly. The anten-
nae circuit includes a first phase shifter element and a second
phase shifter element that cause a phase shift of the signal of
90° or 270° and each has a predetermined admittance. A first
connector of the first phase shifter element and a first connec-
tor of the second phase shifter element are connected to the
first circuit connector. A second connector of the first phase
shifter element 1s connected to a first antenna-side connector,
and a second connector of the second phase shifter element 1s
connected to a second antenna-side connector. If a fixed volt-
age 1s applied to the first circuit connector, a load-independent
current results in the first antenna element and the second
antenna element owing to the phase shift of the current by 90°
or 270° each according to load type. A ratio of the currents
may be fixed by the selection of the admittance of the phase
shifter element.
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In another embodiment, an antenna circuit that 1s adapted
to supply and/or read out a plurality of antenna elements of an
antenna assembly of a magnetic resonance imaging system 1s
provided. The antenna circuit includes a first circuit connec-
tor that 1s adapted to be connected to a first recerving and/or
transmitting circuit, and a second circuit connector that 1s
adapted to be connected to a second recerving and/or trans-
mitting circuit. The antenna circuit also includes a first
antenna-side connector that 1s adapted to be connected to a
first antenna element of the antenna assembly. The antenna
circuit includes a first phase shifter element and a second
phase shifter element that each cause a phase shiit of the
signal of 90° or 270° and each have a predetermined admit-
tance. A first connector of the first phase shifter element 1s
connected to the first circuit connector, and a first connector
ol the second phase shifter element 1s connected to the second
circuit connector. A second connector of the first phase shifter
element 1s connected to the first antenna-side connector, and
a second connector of the second phase shifter element 1s
connected to the first antenna-side connector. With this
antenna circuit, current in the antenna element, which 1s con-
nected to the antenna-side connector, 1s fixed by the sum of
voltages at the circuit connectors multiplied by the admut-
tance of the respective phase shifter element.

The phase shifter element may be a two-port network. With
the phase shift of 90° or 270°, the signal values (e.g., the
current and/or voltage) are phase-shitted from the input of the
two-port network with respect to the output of the two-port
network by 90° or 270°. The phase shifter element may cause
a delay that corresponds to a phase shift of 90° or 270°. The
phase shifter element may be constructed as a delay line. The
two-port network may have four connections. Two connec-
tions may be signal connections, and two connections may be
ground connections.

The phase between current and voltage results from a load
on the phase shifter element. The phase shift between current
and voltage 1s 0° for absorptive load and about 90° for reactive
load. These properties are not changed by the phase shifter
clement. The phase shifter element generates the phase shiit
between the mcoming wave at the mput and the outgoing
wave at the output of the two-port network (e.g., the “delay™).

The antenna circuit may be adapted to supply and/or read
out an antenna assembly that 1s radially arranged between the
at least one magnet and the at least one gradient coil and the
object to be examined (e.g., the patient). The antenna assem-
bly may be constructed as a birdcage antenna. The antenna
assembly may be, for example, cylindrical in design and
arranged between the magnet and the patient.

The antenna circuit may include a third phase shifter ele-
ment that causes a phase shift of the signal of 90° or 270° and
has a predetermined admittance, with the first connector of
the third phase shifter element being connected to the first
circuit connector and the second connector of the third phase
shifter element being connected to a third antenna-side con-
nector. The antenna circuit forms a distribution network that
connects two 1nputs to three antennae.

The first connector of the third phase shifter element may
be connected to the second circuit connector, and the second
connector of the third phase shifter element may be connected
to the first antenna-side connector. With this antenna circuit,
a signal may be distributed among a plurality of antenna
clements, and a plurality of signals at the circuit connectors
may be connected to one antenna element. This 1s desirable,
for example, if a circular field 1s to be generated.

The antenna circuit may include a first number K of circuit
connectors that are adapted to be connected to a receiving
and/or transmitting circuit. The antenna circuit may also
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4
include a second number L of antenna connections that are
cach adapted to be connected to an antenna element. The first
number K of circuit connectors may be connected to different
receiving and/or transmitting circuits, or at least some circuit
connectors may be connected to connectors of the same
receiving and/or transmitting circuits. In one embodiment,
the second number L 1s greater than the first number K. Each
antenna-side connector 1s connected to at least one circuit
connector by a phase shifter element that causes a phase shift
of the signal of 90° or 270° and has a predetermined admiut-
tance. At least one of the antenna-side connectors may be
connected by two phase shifter elements to a circuit connec-
tor. This produces a distribution network that may couple the
antenna elements of an antenna assembly to each other but
may control with different currents.

At least two phase shifter elements may have different
admittances. This embodiment may be used for generating a
circular field.

The antenna circuit may include two circuit connectors, a
signal, in which the current and the voltage are in phase, being
connected to the first circuit connector. A signal, in which the
current and/or voltage 1s/are phase shifted by 90° with respect
to the signal applied to the first circuit connector, 1s connected
to the second circuit connector. The phase shift may be gen-
erated using a 90° hybrid device. This antenna circuit 1s also
operable to generate a circular polarization. The antenna may
be a birdcage antenna.

The antenna circuit may include three antenna-side con-
nectors that are connected to three antenna elements of the
antenna (e.g., the birdcage antenna).

A phase shifter device, which may compensate any phase
difference, may be connected to at least one antenna-side
connector. A phase shift (e.g., owing to a delay) 1n a trans-
ceiver switch, afeed line, or an interface, for example, may be
compensated by the phase shifter device.

A first antenna-side connector may be adapted so the first
antenna-side connector may be connected to an antenna or an
antenna element that forms a first parallel resonance circuit. A
second antenna-side connector may be adapted to be con-
nected to an antenna or an antenna element that forms the at
least one series resonance circuit. This produces a phase shift
between the voltage and the current of almost 90°, whereby a
quarter wave line 1s formed. Identical currents may also be
enforced by direct parallel connection of two parallel reso-
nance circuits. In order to also add up the currents from a
plurality of inputs with adjustable weighting, the phase shift
ol the resonant circuit wiring 1s to be reversed using the phase
shifter device, so the parallel circuit 1s transformed back nto
a series circuit.

A phase shifter element that causes a phase shift of 90° and
has a characteristic impedance 7  transiforms a connected
impedance Z into a reciprocal value Z_*/7Z. This is equivalent
to converting a connected two-port network into a dual net-
work. By way of example, a parallel circuit (e.g., an R-L-C
parallel connection) 1s converted into a series circuit (e.g., an
R'-L-C series connection).

An antenna-side connector 1s connected by a plurality of
serially connected phase shifter elements to at least one cir-
cuit connector, the phase shifter elements each causing a
phase shift of the signal of 90° or 270° and each including a
predetermined admittance.

A multi-stage distribution network may thus be created.
Birdcage antennae, for example, that include a plurality of
antennae 1n the axial direction, may be controlled using the
distribution network. The antenna circuit provides that the
antenna elements are decoupled from each other and recerve
a predefined current or a predefined voltage.
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The antenna circuit may include a plurality of circuit con-
nectors, a plurality of antenna-side connectors, and a plurality
of phase shifter elements that are each connected between the
circuit connector and the antenna-side connector. Each of the
phase shifter elements may be formed by a capacitor. An
inductor may be connected to each circuit connector. An
inductor may be connected to each antenna-side connector.
The inductors and the capacitors are dimensioned such that a
phase shift of 90° or 270° of the signal results between a
circuit connector and an antenna-side connector. The phase
shifter element may be represented by a Il-circuit that 1s a
two-port network, the connectors of the two-port network
being connected by a capacitor and the connectors of the
two-port network each being connected to ground by a coil.
The size of the inductor at the circuit connector or at the
antenna-side connector 1s determined by the inductors of the
substitute circuit that are connected in parallel and are con-
nected to the respective connector of the antenna circuit.

The antenna circuit may include first, second, third and
fourth circuit connectors, a plurality of antenna-side connec-
tors and a plurality of phase shifter elements that are each
connected between a circuit connector and an antenna-side
connector. The phase shifter elements may be formed by a
capacitor. A first balun may be connected to the first and
second circuit connectors, and a second balun may be con-
nected to the third and fourth circuit connectors. An mductor
may be connected to each antenna-side connector. The first
balun, the second balun, inductors and capacitors are dimen-
sioned such that a phase shift of the signal of 90° or 270°
results between a circuit connector and an antenna-side con-
nector.

The antenna circuit may be constructed simply as a result.

An 1nput of a recerving amplifier may be connected to a
circuit connector of the antenna circuit.

The present embodiments also relate to an antenna assem-
bly including the above-described antenna circuit. The
antenna assembly may, for example, be a birdcage antenna.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a first embodiment of an antenna circuit;

FIG. 2 shows a second embodiment of the antenna circuit;

FIG. 3 shows a first embodiment of a distribution network;

FIG. 4 shows a second embodiment of a distribution net-
work:

FIG. 5 shows one embodiment of a distribution network
with a phase shifter;

FIG. 6 shows one embodiment of a two-stage distribution
network:

FIG. 7 shows one embodiment of a substitute circuit of
phase shifter elements;

FIG. 8 shows a first embodiment of a simplified circuit;

FIG. 9 shows a second embodiment of a simplified circuat;

FIG. 10 shows an embodiment, 1n which the antenna circuit
1s used during receiving; and

FI1G. 11 shows an antenna circuit according to the prior art.

DETAILED DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a first example circuit of an antenna circuit
according to the present embodiments. A voltage source 2,
which provides a voltage u, (€.2., a load independent voltage)
and a current 1 ” 1s connected to a circuit connector 12. A first
phase shifter element 4 and a second phase shifter element 6
(c.g., phase shifter elements) are connected to the circuit
connector 12. The first phase shifter element 4 and the second
phase shifter element 6 produce a phase shiit of a signal (e.g.,
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6

of the voltage u_ and the current 1,) of 90°. The first phase
shifter element 4 1s connected to a first antenna element 8, and
the second phase shifter element 6 1s connected to a second
antenna element 10.

The first antenna element 8 and the second antenna element
10 (e.g., antenna elements) may each form a series resonance
circuit. The antenna elements 8, 10 are each connected by a
phase shifter element 4, 6, which may be constructed as a
quarter wave line with a phase shift of 90° or 270°, to a
common node. The following applies:

iy =7 Yu;

1,=7 Yo,

The load-independent voltage u_ at the circuit connector 12
1s transformed 1nto a load-independent current 1, or 1, at an
end of each of the phase shifter elements 4, 6 or each quarter
wave line in the process. The selection of different line admut-
tances Y may adjust any {ixed transformation ratio. If a trans-
mitter (e.g., the voltage source 2) with a very low internal
resistance 1s connected to the circuit connector 12 (e.g., a
branching node), all currents at the antenna elements (coils)
connected to an output are permanently load-independent.
However, even 11 a source with finite impedance 1s connected
to the circuit connector 12, owing to the common voltage
applied to the circuit connector 12, at least a ratio of the
currents at the output 1s permanently load-independent. A
change in voltage at the outputs (e.g., antenna elements)
caused by a change in load or inductive coupling appears
owing to:

L= Y i Yous

as a change 1n current at the circuit connector 12 and leads to
the voltage u_ being reduced. This change affects all antenna
clements, however. Consequently, a vector of element cur-
rents 1s scaled by the above-mentioned load by only one
factor, and this may be compensated by an adjustment of the
power of the transmitter.

FIG. 2 shows a second example circuit of the antenna
circuit according to the present embodiments, which 1s based
on a summation of currents from a plurality of inputs. A first
current source 18 supplies a first voltage u, 1nto the first phase
shifter 4, which supplies a current 1, 1nto an antenna-side
connector 14. A second current source 20 supplies a voltage
u_, to the second phase shifter element 6, which supplies a
current 1, to the antenna-side connector 14. The sum of the
currents 1, and 1, are supplied into an antenna element 16. This
results 1n a distribution network with a plurality of inputs. The
fact that outputs of the phase shifter elements 4, 6 or the
quarter wave lines constitute virtual current sources that may
be added by parallel connection without an effect on current
ratios resulting from each iput, 1s made use of here.

FIG. 3 shows an embodiment of the antenna circuit as a
distribution network 22 with two inputs or circuit-side con-
nectors 24, 26 (e.g., a first circuit-side connector and a second
circuit-side connector) and three outputs or antenna-side con-
nectors 40, 42, 44 (e.g., a first antenna-side connector, a
second antenna-side connector, and a third antenna-side con-
nector). An antenna element 46, 48, 50 (e.g., a {irst antenna
element, a second antenna element, or a third antenna ele-
ment) 1s connected to each of the outputs. The antenna ele-
ment 46, 48, 50 1includes, 1n an equivalent circuit diagram, a
series connection including a capacitor, an inductor, a resistor
and an induced voltage. A voltage u_, 1s connected to the first
input 24, and a voltage u_, 1s connected to the second input 26.
The distribution network 22 includes a plurality of phase

shifter elements 28, 30, 32, 34, 36, 38 (c.g., a first phase
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shifter element, a second phase shifter element, a third phase
shifter element, a fourth phase shifter element, a fifth phase
shifter element, and a sixth phase shifter element). The first
phase shifter element 28 connects the first input 24 to the first
output 40. The second phase shifter element 30 connects the
first iput 24 to the second output 42, and the third phase
shifter element 32 connects the first input to the third output
44. The second mput 26 1s connected by the fourth phase
shifter element 34 to the first output 40. The second input 26
1s connected by the fifth phase shifter element 36 to the
second output 42, and by a sixth phase shifter element 38 to
the third output 44. The two 1nputs 24, 26 form circuit con-
nectors, and the three outputs 40, 42, 44 form antenna-side
connectors.

The equations for output currents 1,, 1, and 15 are:

L =F YUY oU o;

=] Yo U, 1+ Yool o)

i3] Y3 U, 1+ V35U 0.

The phase shifter elements 28, 30, 32, 34, 36, 38 may
provide aphase shiit o 90° or 270° C. and may be constructed
as a quarter wave line.

FIG. 4 shows a distribution network for a circular polar-
1zation with a 90° hybrnd device. The distribution network 22
1s constructed as has been described above with reference to
FIG. 3. The antenna elements 46, 48, 50 are arranged 1n a
cylindrical birdcage antenna assembly. The antenna assembly
may be cooled. A 90° hybrid device 60 1s connected to the two
iputs 24, 26. A signal, in which the voltage and the current
have the same phase, 1s supplied into the first input 24. A
signal, which 1s phase-shifted by 90° with respect to the signal
supplied into the first input 24, 1s supplied into the second
input 26. A transmitter 64 1s connected to an input of the 90°
hybrid device 60. The 90° hybrid device 60 1s also terminated
by an impedance 62. It is not possible to generate any desired
phases between the output currents using a single branching,
node because the currents are either in phase (90°, =90°) or in
phase opposition (270°, =90° C.) with each other. IT at least
two 1mput nodes are provided with phase-shifted signals, any
desired complex-valued current ratios may be depicted by
overlappings.

The two inputs 24, 26 of the distribution network 22 cor-
respond to supply ports of a conventional birdcage antenna,
and the inputs 24, 26 may be conventionally supplied from a
single transmitter with the aid of the 90° hybrid device 60. S1x
real weighting factors Y 1n a transfer matrix are reciprocal
values of characteristic impedances 7 chosen for the lines.
Should a weighting factor Y be zero (e.g., an infinite charac-
teristic impedance), this phase shifter element or this quarter
wave line may be omitted. Should Y have a negative sign, a
phase shift of 270° 1nstead of 90° 1s used for the respective
phase shifter element 28, 30, 32, 34, 36, 38. In the embodi-
ment shown in FIG. 4, a circularly polarized MR transmission
field 1s generated by a multimode birdcage antenna with only
three individually fed-1n bars. The characteristic impedances
or admittances of the six lines may be denived, as follows,
from the complex ratios of supply voltages (0° and 90°) and
antenna currents (0°, 120°, 240°) and with a scaling of all
conductances for a power adjustment of 50 Ohm at the mput:

Y,,=1/70,7 U/Q;

Y,,=1/70,7 1/Q;
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Y,,=-1/70,7 1/Q;

Y ;5=0 (1.e., no connection).

Owing to the finite output impedance of the 90° hybrid
device 60, 1t 1s not possible to also keep the ratio of the two
input voltages and that of a linear polarized antenna resulting
therefrom fixed. A non-symmetrical loading therefore leads
to an ellipticity of the magnetic field polarization. However,
this 1s also the case with the birdcage antennae that are used,
which are fed using a hybrid device that 1s supplied by a
transmuitter.

The embodiment shown 1n FIG. 5 includes an additional
phase shifter device in one antenna branch.

An antenna branch, which includes a phase shifter device
72, a transceirver switch 70, a feed line 68, an interface 66 and
an antenna element 46, 1s connected to a first output 40 of the
distribution network 22. The distribution network 22 1s con-
structed as has been described above. The use of the phase
shifter element or the quarter wave line 1n the branch between
a distribution node at the mput and a summation node at the
antenna element may be generalized for any phase shifter
devices. In practice, impedance-matching networks or trans-
ceiver switches (e.g., sub-networks), for example, may be
arranged therebetween. Since each of these sub-networks
may be reciprocal and almost loss-free, series connection of
the sub-networks may be represented as a phase shifter with
an impedance transformation. For the function according to
the present embodiments, an additional phase shifter device
72 may be 1nserted, so the total of all phases between each
output node 40, 42 of the distribution network 22 and the
antenna elements regarded as a series resonant circuit 1s 0° or
180°.

By way of example, an antenna element 46 may be sup-
plied as a parallel resonant circuit imnstead of as a series reso-
nant circuit. In this case, a quarter wave line 1s formed by the
phase shiit of the signal (e.g., of the voltage and current (of
almost 90°)). Equal currents may also be enforced by the
direct parallel connection of two parallel resonant circuits. In
order to also be able to add up the currents of a plurality of
inputs with adjustable weighting, the phase shitt of the reso-
nant circuit wiring 1s reversed using a phase shifter device 72,
so the parallel circuit 1s transformed back into a series circuit.

A two-stage distribution network for an assembly 1nclud-
ing 8x4 antenna elements 1s described below with reference
to FIG. 6.

A first plurality of phase shifter elements 78 1s connected to
a first input 74. A second plurality of phase shifter elements
80 1s connected to a second input 76. The desired signals for
the antenna elements are produced and decoupled from each
other by the first plurality of phase shifter elements 78 and the
second plurality of phase shifter elements 80. A decoupled
feeding-1n for a plurality of antenna elements 92, 94 1s pro-
duced by phase shifter elements 82, 86, which supply an
antenna branch. Each antenna element of the plurality of
antenna elements 92, 94 1s separated by further phase shifter
clements 84, 88. The antenna assembly 90 includes 8x4
antenna elements that are cylindrically arranged with the
antenna elements being connected so as to be substantially
parallel in the axial direction.

A large number of individual antenna elements 92, 94 are
to be supplied for an expanded, two-dimensionally structured
transcerver antenna assembly 90. In the case of an antenna
assembly with 32 channels (e.g., staggered eightiold azimu-
tally and fourfold in the longitudinal direction), 1f the con-
ventional circularly polarized birdcage excitation 1s to be
replicated, two distribution trees each having 32 branches are
to be provided.
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This high number of HF lines to be connected to a central
node may lead to problems 1n practice. However, the distri-
bution network may be constructed hierarchically. In a first
distribution level 78, 78, the two transmission 1nputs are
distributed among the e1ght peripheral rows. Two nodes each
with eight lines are provided for this purpose. The eight
summation nodes with a quarter wave line each are trans-
tormed back into voltage nodes.

A second level with four phase shifter elements or quarter
wave branches 84, 88, which feed the four antenna elements
92, 94 of the row 1n phase with each other, may be connected
to each of these voltage nodes. The horizontal lines shown in
FIG. 6 are voltage nodes and all connected branches are
connected 1n parallel without reciprocal phase shift. The
phase shifter elements 78, 80, 82, 84, 86, 88 may be con-
structed as quarter wave lines with a phase shift of 90° or
2'70°. The lines connected to the first plurality of phase shifter
clements 78 and to the second plurality of phase shifter ele-
ments 80 form current summation nodes, 1nto which a plu-
rality of paths may flow 1n phase.

A potential coupling of the currents into the antenna ele-
ments 1s not eliminated by the antenna circuit. Nevertheless,
currents may flow into the mndividual antenna elements 1n a
predefined ratio.

FIG. 7 shows an equivalent circuit diagram of an antenna
circuit according to the present embodiments. A phase shifter
clement 1s formed by a capacitor 202. Inductors 210, 212 that
are connected to ground are connected to the capacitor 202.
The additional phase shifter elements are formed by capaci-
tors 204, 206, 208 and by inductors 214, 216, 218, 220, 222,
224. 'The inductors 210 and 214 are connected 1n parallel and
may be combined to form inductor 230. Inductors 218, 222
may also be combined to form inductor 232. A connector of
the inductors 230 and 232 is also at a same potential as the
respective mput 1in the distribution network.

At an output side, the inductors 216 and 224 may be com-
bined to form inductor 236, since the inductors 216 and 224
are connected in parallel. At another output, the inductors 212
and 220 connected 1n parallel may be combined to form
inductor 234. The inductors 234 and 236 are connected to
outputs or to lines that are connected to the outputs of the
distribution network.

This results 1n a straightforward implementation of the
branches including phase shifters connected as high-pass
IT-elements. An assembly of MxN capacitors 1s provided for
an M-to-N distributor. The respective weighting factor (e.g.,
admittance Y) 1s specified by the capacitor according to
Y=2miC. The shunt inductors at the input and output of each
phase shifter element may be combined, so M+N inductors
are provided.

In a manner similar to as 1s depicted in U.S. Pat. No.
7,573,036 for a PET system, the capacitors may be imple-
mented, for example, as a two-sided printed circuit board. In
this case, the conductors connected to the supply nodes run on
one side and the conductors of the current summation nodes
on the other side. The respective weighting factor 1s imple-
mented as a coupling capacitor with adjustable area or as
holes 1n a shielding layer located between the surfaces.

FIG. 9 shows a distribution network, to which two baluns
are connected. Using a balun 240 that 1s a phase shifter device
with a phase shift of 180° at each input of the distribution
network, signals may also be implemented 1n phase opposi-
tion. The circuitry of FIG. 9 substantially corresponds to that
of FIG. 8, with capacitors 238 constituting the phase shifter
clement, inductors 244, 246 constituting the parallel circuit of
the mput-side inductors of the phase shifter elements, and
inductors 248, 250, 252 constituting the parallel circuit of the
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10

output-side i1nductors of the phase shifter elements. The
inductors 244, 246 are each connected to outputs of a balun
240, 242.

A distribution network with 2xM 1nputs and N summation
nodes results. A weighting factor may be determined by a
difference 1n the coupling capacitors connected to the mputs
ol a pair in phase opposition, with the weighting factor being
zero 1n the case of two 1dentical capacitors 238.

A known structure for signal splitting 1s a Butler matrix that
allows two circularly polarized birdcage basic modes and all
higher order modes with higher spatial frequencies to be
excited.

The Butler matrix 1s a substantially analog Fourier trans-
formation between N 1nput ports and N output ports. The
Butler matrix 1s known from Meinke Gundlach, Taschenbuch
der HF-Technik. A Butler matrix corresponds to a complex-
valued fast Fourier-Transformation (FFT) with basic function
¢ ™ and produces complex-valued current allocations. The
counterpart 1s a real-valued Fourier transformation, with sin
(m¢) or cos(m¢) as the basic function. The corresponding
switch matrix accordingly generates output signals with sin
or cos amplitude weighting and does not produce any phases
differing from 0° or 180° between the outputs.

N 1s the number of antenna elements i1n the peripheral
direction (e.g., 8, 12,0r 16). This 1s also the number of basi-
cally possible Fourier modes. M denotes the consecutive
number of a rotating mode. By way of example, M=1 1s the
left-turning homogenous birdcage mode, and M=-1 1is the
right-turning homogenous birdcage mode. The higher modes
have a spatially shorter periodic change in current direction,
and the fields therefore penetrate 1nto the object to a lesser
extent. To reduce the number of transmitters, 1n practice, one
subset M of the N possible modes 1s excited.

As an analog implementation of a complex-valued FFT, a
Butler matrix with N 1nputs and outputs uses an outlay of
N/2x1d (N) 90° hybrid devices. Inputs of the Butler matrix
correspond to complex current allocations i(¢)~e/~"*, which
already generate circularly polarized fields with different azi-
mutal and radial structure. Using the supply network accord-
ing to the present embodiments, a real-valued discrete Fourier
transformation may be achieved by selecting a current weight
according to cos(2mm¢) or sin(2mme). To replicate a Butler
matrix with N channels, N upstream 90° hybrid devices and a
distribution network with 2N inputs and N outputs connected
thereto 1s provided. The outlay that increases quadratically
with N for the 2xINxN branches initially seems higher than
that for the Butler matrix. This only slightly increases the
outlay with just one capacitor per branch.

The drawback may be reduced 11 1t 1s not necessary for all
N modes to be excited and instead, just M<N transmitters are
to excite a subset of N possible modes. In one embodiment,
inputs for the modes that are not used may also be formed 1n
order to short-circuit the modes that are not used. Undesirable
current fractions potentially induced by a non-symmetrical
load may be suppressed with higher spatial frequencies. In
addition to the fixed impression of the current patterns, an
additional advantage of a real-valued Fourier supply network
lies 1 the fact that with a multi-channel supply of each mode
at an 1nput, each mput may be individually adjusted to the
respective transmitter.

FIG. 10 shows how the antenna circuit may be used for
receiving signals. FIG. 10 shows the above-described distri-
bution network 22 and the antenna elements 46, 48. The
signals recetved by the antenna elements 46, 48 are led by the
phase shifter elements 28, 30, 34, 36 to circuit nodes 24, 26,
to which one amplifier 302, 303, respectively, 1s connected.
/. <</ __ applies. The antenna circuit according to the
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present embodiments with the parallel connection via phase
shifter devices, which generate a phase shift of 90° or 270°, 1s
not suitable for distributing transmitters among antenna ele-
ments 46, 48 but may also be used to form linear combina-
tions of recerving signals. This 1s advantageous, for example,
if signals of a larger number of antenna elements are to be
processed with a smaller number of receivers. A further
advantage 1s that the conventional preamplifier decoupling
(e.g., the damping of the antenna resonance by the input
impedance of the preamplifier) may continue to be used
because there 1s the same electrical length between an output
and each mput connected to the output. It may be provided
that with an additional phase shifter device, that the pream-
plifier 302, 304 for the branching nodes or circuit connectors
24, 26 constitutes a low-resistance impedance compared with
signal source 46, 48.

The description of the exemplary embodiments 1s not to be
taken as limiting with regard to a specific physical embodi-
ment of the mvention. The present embodiments may be
partially or wholly implemented using software and/or hard-
ware and/or distributed among a plurality of physical prod-
ucts (e.g., computer program products).

While the present invention has been described above by
reference to various embodiments, 1t should be understood
that many changes and modifications can be made to the
described embodiments. It 1s therefore intended that the fore-
going description be regarded as 1llustrative rather than lim-
iting, and that i1t be understood that all equivalents and/or
combinations of embodiments are intended to be included 1n
this description.

The mvention claimed 1s:

1. An antenna circuit that 1s adapted to supply, read out, or
supply and read out a plurality of antenna elements of an
antenna assembly of a magnetic resonance 1imaging system,
the antenna circuit comprising:

a {irst circuit connector that 1s adapted to be connected to a
receiving, transmitting, or recewving and transmitting
circuit;

a first antenna-side connector that 1s adapted to be con-
nected to a first antenna element of the antenna assembly
that forms a parallel resonance circuit, and a second
antenna-side connector that 1s adapted to be connected
to a second antenna element of the antenna assembly
that forms a series resonance circuit; and

a first phase shifter element and a second phase shifter
clement that each cause a phase shift of a signal 01 90° or
2’70° and each have a predetermined admittance,

wherein a first connector of the first phase shifter element
and a first connector of the second phase shifter element
are connected to the first circuit connector, and

wherein a second connector of the first phase shifter ele-
ment 1s connected to the first antenna-side connector and
a second connector of the second phase shifter element
1s connected to the second antenna-side connector,

wherein a ratio of currents in the first antenna element and
the second antenna element 1s provided by the predeter-
mined admittances of the first phase shifter element and
the second phase shifter element.

2. An antenna circuit that 1s adapted to supply, read out, or
supply and read out a plurality of antenna elements of an
antenna assembly of a magnetic resonance 1imaging system,
the antenna circuit comprising:

a plurality of circuit connectors comprising a first circuit
connector that 1s adapted to be connected to a first
receiving, transmitting, or recewving and transmitting
circuit, and a second circuit connector that 1s adapted to
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be connected to a second receiwving, transmitting, or
receiving and transmitting circuit;

a 1irst antenna-side connector that 1s adapted to be con-
nected to a first antenna element of the antenna assem-
bly; and

a first phase shifter element and a second phase shifter
clement that each cause a phase shift of a signal of 90° or
2'70° and each have a predetermined admaittance,

wherein a first connector of the first phase shifter element
1s connected to the first circuit connector, and a first
connector of the second phase shifter element 1s con-
nected to the second circuit connector, and

wherein a second connector of the first phase shifter ele-
ment 1s connected to the first antenna-side connector,
and a second connector of the second phase shifter ele-
ment 1S connected to the first antenna-side connector,

wherein current 1n the first antenna element 1s fixed by a
sum ol voltages at the plurality of circuit connectors
multiplied by the predetermined admittance of the
respective phase shifter element.

3. The antenna circuit as claimed 1n claim 1, wherein the
antenna assembly 1s radially arranged between at least one
magnet, at least one gradient coil, and an object to be exam-
ined.

4. The antenna circuit as claimed 1n claim 1, further com-
prising a third phase shifter element that causes a phase shiit
of the signal of 90° or 270° and has a predetermined admiut-
tance,

wherein a first connector of the third phase shifter element
1s connected to the first circuit connector, and a second
connector of the third phase shifter element 1s connected
to a third antenna-side connector.

5. The antenna circuit as claimed 1n claim 2, further com-
prising a third phase shifter element that causes a phase shift
of the signal of 90° or 270° and has a predetermined admiut-
tance,

wherein a first connector of the third phase shifter element
1s connected to the second circuit connector, and a sec-
ond connector of the third phase shifter element 1s con-
nected to the first antenna-side connector.

6. The antenna circuit as claimed 1n claim 1, further com-

prising;:

a plurality of circuit connectors, each circuit connector of
the plurality of circuit connectors being adapted to be
connected to a recerving circuit, a transmitting circuit, or
a recerving and transmitting circuit, the plurality of cir-
cuit connectors comprising the first circuit connector;
and

a plurality of antenna-side connectors, each antenna-side
connector of the plurality of antenna-side connectors
being adapted to be connected to an antenna element of
the plurality of antenna elements, the number of the
plurality of antenna-side connectors being greater than
the number of the plurality of circuit connectors, the
plurality of antenna-side connectors comprising the first
antenna-side connector and the second antenna-side
connector,

wherein each antenna-side connector of the plurality of
antenna-side connectors 1s connected to at least one
circuit connector of the plurality of circuit connectors by
a phase shifter element that causes a phase shiit of the

signal of 90° or 270° and has a predetermined admit-
tance.

7. The antenna circuit as claimed in claim 4, wherein at
least two phase shifter elements of the first phase shifter
clement, the second phase shifter element, and the third phase
shifter element have different admittances.
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8. The antenna circuit as claimed 1n claim 2, wherein a first
signal 1s connected to the first circuit connector, and a second
signal 1s connected to the second circuit connector, and

wherein the second signal 1s phase-shifted by 90° with
respect to the first signal.

9. The antenna circuit as claimed 1n claim 1, further com-
prising a third antenna-side connector that 1s adapted to be
connected to a third antenna element of the antenna assembly.

10. The antenna circuit as claimed 1n claim 1, wherein at
least the first antenna-side connector 1s connected to a phase
shifter device that 1s operable to compensate any phase dif-
ference.

11. The antenna circuit as claimed 1n claim 4, wherein the
first antenna-side connector or the second antenna-side con-
nector 1s connected to at least two of the first phase shifter
clement, the second phase shifter element, and the third
shifter element connected in series.

12. An antenna circuit that 1s adapted to supply, read out, or
supply and read out a plurality of antenna elements of an
antenna assembly of a magnetic resonance 1imaging system,
the antenna circuit comprising:

a plurality of circuit connectors, the plurality of circuit
connectors comprising a first circuit connector adapted
to be connected to a recerving, transmitting, or recerving,
and transmitting circuit;

a plurality of antenna-side connectors, the plurality of
antenna-side connectors comprising a first antenna-side
connector and a second antenna-side connector, wherein
the first antenna-side connector 1s adapted to be con-
nected to a first antenna element of the antenna assembly
that forms a parallel resonance circuit, and the second
antenna-side connector 1s adapted to be connected to a
second antenna element of the antenna assembly that
forms a series resonance circuit; and

a plurality of phase shifter elements, the plurality of phase
shifter elements comprising a first phase shifter element
and a second phase shifter element, wherein the {first
phase shifter element and a second phase shifter element
cach cause a phase shift of a signal of 90° or 270° and
cach have a predetermined admittance, each phase
shifter element of the plurality of phase shifter elements
being connected between a circuit connector of the plu-
rality of circuit connectors and an antenna-side connec-
tor of the plurality of antenna-side connectors, each
phase shifter element o the phase shifter elements being
formed by a capacitor, a first inductor being connected to
cach circuit connector of the plurality of circuit connec-
tors, a second 1nductor being connected to each antenna-
side connector of the plurality of antenna-side connec-
tors,

wherein the inductors and the capacitors are dimensioned
such that a phase shiit of the signal of 90° or 270° results
between the circuit connector and the antenna-side con-
nector.

13. An antenna circuit that 1s adapted to supply, read out, or
supply and read out a plurality of antenna elements of an
antenna assembly of a magnetic resonance 1maging system,
the antenna circuit comprising:

a {irst circuit connector that 1s adapted to be connected to a
receiving, transmitting, or recewving and transmitting
circuit;

a second circuit connector:;

a third circuit connector;

a fourth circuit connector:

a plurality of antenna-side connectors, the plurality of
antenna-side connectors comprising a first antenna-side
connector and a second antenna-side connector, wherein
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the first antenna-side connector 1s adapted to be con-

nected to a first antenna element of the antenna assem-

bly, and the second antenna-side connector 1s adapted to
be connected to a second antenna element of the antenna
assembly; and

a plurality of phase shifter elements, the plurality of phase

shifter elements comprising a first phase shifter element
and a second phase shifter element, wherein the first
phase shifter element and a second phase shifter element
cach cause a phase shiit of a signal of 90° or 270° and
cach have a predetermined admittance, each phase
shifter element of the plurality of phase shifter elements
being connected between a circuit connector of the plu-
rality of circuit connectors and an antenna-side connec-
tor of the plurality of antenna-side connectors, each
phase shifter element of the plurality of phase shifter
clements being formed by a capacitor;

a first balun connected to the first circuit connector and the

second circuit connector:;

a second balun connected to the third circuit connector and

the fourth circuit connector; and

an inductor connected to each antenna-side connector of

the plurality of antenna-side connectors and the first

balun,

wherein the second balun, the inductors, and the capacitors

are dimensioned such that a phase shift of the signal of
90° or 270° results between a circuit connector of the
first circuit connector, the second circuit connector, the
third circuit connector, and the fourth circuit connector,
and an antenna-side connector of the plurality of
antenna-side connectors.

14. The antenna circuit as claimed 1n claim 2, wherein at
least one circuit connector of the first circuit connector and
the second circuit connector 1s connected to an mnput of an
amplifier.

15. The antenna circuit as claimed 1n claim 2, wherein the
antenna assembly 1s radially arranged between at least one
magnet, at least one gradient coil, and an object to be exam-
ined.

16. The antenna circuit as claimed 1n claim 1, wherein the
antenna assembly 1s constructed as a birdcage antenna.

17. An antenna assembly of a magnetic resonance 1maging
system, the antenna assembly comprising:

a plurality of antenna elements; and

an antenna circuit that 1s adapted to supply, read out, or

supply and read out the plurality of antenna elements,

the antenna circuit comprising:

a first circuit connector that 1s adapted to be connected to
a recetving, transmitting, or recerving and transmit-
ting circuit;

a first antenna-side connector that 1s adapted to be con-
nected to a first antenna element of the antenna assem-
bly, and a second antenna-side connector that 1s
adapted to be connected to a second antenna element
of the antenna assembly; and

a first phase shifter element and a second phase shifter
clement that each cause a phase shift of a signal of 90°
or 270° and each have a predetermined admittance,

wherein a first connector of the first phase shifter element

and a first connector of the second phase shifter element
are connected to the first circuit connector, and
wherein a second connector of the first phase shifter ele-
ment 1s connected to the first antenna-side connector,
and a second connector of the second phase shifter ele-
ment 1s connected to the second antenna-side connector,
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wherein the first antenna-side connector 1s adapted to be
connected to an antenna element of the plurality of
antenna elements that forms a parallel resonance circuit,
and

wherein the second antenna-side connector 1s adapted to be 5

connected to an antenna element of the plurality of
antenna elements that forms a series resonance circuit.
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